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Nowadays the construction business, more so than other industries, is responsible for
most of the environmental issues that our society encounters. Given the increasing concern for
our impact on the environment, the need for new sustainable materials is growing rapidly.
Bamboo is a very promising green material with remarkable properties. It has been used
as a structural material for centuries in China and in South America. However, it has not yet
penetrated the European or the American construction market. Bamboo's exceptional strength
and light weight renders it a sustainable alternative to other materials.
The objective of this work is to use the results provided by recent studies of bamboo in
order to generate a design of a low cost bridge made out of this material. The structure is
designed for exclusive pedestrian usage. This affordable suspended footbridge could be used in
developing countries or in emergency situations.
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A young bamboo
how tall it has grown,
without the slightest help in the world.
-Japanese Haiku
-4-
Table of contents:
List of Fig u res ............................................................................................................. 6
List of Tables .............................................................................................................. 8
Intro d uctio n ................................................................................................................ 9
Chapter 1 The material bamboo ............................................................................... 11
-I- Botanic and philosophy.................................................................................... 12
-II- Harvesting, and treatment............................................................................. 20
-III- Properties and testing results ...................................................................... 23
-IV- Comparison with other materials .................................................................. 30
-V - U ses ................................................................................................................. 3 2
Chapter 2 Building with bamboo.............................................................................. 36
-I- The preparation of the canes ........................................................................... 37
A- Shaping bamboo canes................................................................................ 37
B- Manufacture.................................................................................................39
-II- Connectors ................................................................................................... 40
A- Traditional connectors ................................................................................. 41
B- Innovative connectors.................................................................................. 44
C- Bolt connections.......................................................................................... 48
-III- Design examples...........................................................................................51
Chapter 3 Design of an affordable pedestrian bamboo bridge.....................................56
-I- General context and goal.................................................................................57
-II- Solution structure chosen ............................................................................... 60
A- Design ......................................................................................................... 60
B- Construction.................................................................................................69
-III- Economical feasibility study ........................................................................... 73
C o nclusio n ................................................................................................................. 7 6
Bibliography...............................................................................................................78
A p pe nd ix ................................................................................................................... 8 2
Dictionary of the uses of Bamboo......................................................................... 82
Calculations ............................................................................................................ 84
-5-
List of Figures
Figure 1-1 - Great varsity of species (here, species of Phyllostachys)..........................12
Figure 1-2 - Monopodial species ............................................................................. 13
Figure 1-3 - Sym podial species............................................................................... 14
Figure 1-4 - Guadua Angustifolia ............................................................................. 15
Figure 1-5 - Cross section of bamboo culm showing internal structure ....................... 16
Figure 1-6 - Left to Right : Phyllostachys aurea / Tetragonoclamus angulatus /
Phyllostachys nigra f. punctuate / Phyllostaches bamb. Violascens / Phyllostachys nigra f.
Boryana / Phyllostachys viridis Sulphurea / Phyllostachys bambusoides................................16
Figure 1-7 - Bamboo bud with covering leaves .......................................................... 17
Figure 1-8 - Bamboo cane with branches and leaves ................................................. 18
Figure 1-9 - Bam boo flow ers .................................................................................... 18
Figure 1-10 : Bamboo grows in a ring from 46N to 47S latitude ............................... 19
Figure 1-11 - Oven to smoke bamboo.......................................................................22
Figure 1-12 - Bamboo Testing at Technische Universiteit Eindhoven .......................... 24
Figure 1-13 - Histogram for density and compressive strength, Guadua Species.........25
Figure 1-14 - Variation of the Young Modulus.......................................................... 27
Figure 1-15 - Fracture of Bam boo........................................................................... 29
Figure 1-16 - Comparison of the stiffness and strength divided by their mass per volume
.......................................................................................................................................... 3 1
Figure 1-17 - Interior of a traditional Japanese House...............................................32
Figure 1-18 - Bam boo Bicycle.................................................................................. 33
Figure 1-19 - Hand-made bulb from 1885, Lynn, Massachusetts. Bamboo filament.........33
Figure 1-20 - Bamboo scaffolding at the top of a new high-rise building in Hong Kong ...34
Figure 1-21 - Various bamboo applications on the axis traditional-industrial...............35
Figure 2-1 - Bamboo being forced to grow in a box (Guadua Angusifolia) .................. 37
Figure 2-2 - Growing bamboo in a specific shape......................................................38
Figure 2-3 - Bamboo shaped under heat..................................................................38
Figure 2-4 - Splitting of a bamboo cane .................................................................. 39
Figure 2-5 - Splitting bamboo with a knife frame ..................................................... 39
Figure 2-6 - Producing bamboo planks.....................................................................40
Figure 2-7 - Connection with bamboo strips .............................................................. 41
-6-
Figure 2-8 - Fine handwork rattan connection ......................................................... 42
Figure 2-9 - End to middle connection .................................................................... 42
Figure 2-10 - Traditional scaffolding connection ....................................................... 43
Figure 2-11 - Positive fitting connection .................................................................. 43
Figure 2-12 - Wedge connection interlocking three members .................................... 44
Figure 2-13 - Pan-knots (left) and Induo System (right).............................................45
Figure 2-14 - Shoei Yoh tube system ...................................................................... 46
Figure 2-15 - Wire connections (Renzo Piano Building Workshop)..............................46
Figure 2-16 - Connecting system ............................................................................. 47
Figure 2-17 - Bamboo cane bundle......................................................................... 47
Figure 2-18 - Bamboo column and reinforcement steel ............................................ 48
Figure 2-19 - Traditional bamboo house...................................................................51
Figure 2-20- Simple "beam" footbridges...................................................................52
Figure 2-21 - Footbridge as a twin suspended truss................................................. 53
Figure 2-22 - Covered arch footbridge by J6rg Stamm ............................................... 53
Figure 2-23 - The An-Lan suspended bridge..............................................................54
Figure 2-24 - M&A's bamboo footbridge's GSA model .............................................. 55
Figure 3-1 - Population growth and flood affected areas in Bangladesh.....................58
Figure 3-2 - The bamboo bridge of Coquiyo was designed for 2t trucks.....................59
Figure 3-3 - Detail of the deck.................................................................................. 64
Figure 3-4 - Loading on element of main cable..........................................................65
Figure 3-5 - Absolute Horizontal Tension in Main Cable versus Tower's height in meters.66
Figure 3-6 - Profile of the main cable.......................................................................67
Figure 3-7 - Forces on the tower ............................................................................. 68
Figure 3-8 - Close-up view of a Main Cable, Cable Bend and Suspender.....................69
Figure 3-9 - Connection between the main cables and the hangers ........................... 70
Figure 3-10 - Site restriction for foundations ........................................................... 70
Figure 3-11 - The cables fan near the tower............................................................ 72
Figure 3-12 - Purchasing costs (in E) of the various elements and materials of a bridge..73
Figure 3-13 - Annual costs (in E) of the various elements and materials of a bridge........74
Figure 3-14 - Index of the annual environmental costs for different elements of a bridge.
(low est value= 100) ............................................................................................................ 75
-7-
List of Tables
Table 1 - Scientific classification ............................................................................... 12
Table 2 - Compressive Strength................................................................................25
Table 3 - Tensile strength ........................................................................................ 26
Table 4 - Young Modulus ........................................................................................ 26
Table 5 - Bending Strength ...................................................................................... 27
Table 6 - Different testing results ............................................................................. 28
Table 7 - Comparison (DB, Deutsche Bauzeitung 9/97)............................................. 30
Table 8 - Embodied energy of building material with respect to their strength............ 31
Table 9 - Ultimate strength values for dowel type fasteners loaded parallel-to-grain.......48
Table 10 - Ultimate strength values for some bamboo connections............................ 49
Table 11 - Allowable design stresses (ICC).............................................................. 61
Table 12 - General mechanical properties in kN/cm 2 (Purwito 98 - INBAR)................ 61
Table 13 - Inertia of bamboo beams....................................................................... 63
Table 14 - Weight of the bamboo bridge...................................................................71
-8-
Introduction
Bamboo is an extraordinary plant in many ways. It has great mechanical and esthetical
properties, and its uses are innumerable - from tissue and paper to furniture and food.
Historically, it has been used as a building material in Asia for more than 1000 years, and is still
widely used today. Although there is a long history of bamboo as a structural material, there is
yet no building code for this material. In fact, it seems as though bamboo has only been
recently discovered as a structural material, when our society realized for the first time that
natural resources might not be unlimited.
Bamboo grows quickly and it very resistant. In fact, it is known to be the first green
plant growing after the bombing of Hiroshima. Bamboo is inexpensive compared with other
building materials, and is environmentally friendly. The growing concern for environment will
allow bamboo to play a larger role, if not a major one, in the future of the construction industry.
In developing countries, bamboo is already commonly used in housing construction. The
designs are done in the traditional way using common sense and experience. The primary
objective of this thesis is to gather enough information about bamboo to be able to design a
bamboo structure. It is essential to get acquainted with more than just the mechanical
properties of bamboo to determine if it is an appropriate material for a given project.
This paper also assesses the design of suspension bridges, specifically, building
temporary bamboo footbridges in countries destroyed by major natural cataclysms. The
suspended bamboo footbridges may be used as emergency replacements for bridges that have
been destroyed. The light weight and proximity of the materials allow for rapid construction.
And in this case, the relative short life span of the structure would not be an issue. It could also
be used to replace a previous bridge. In the years following such a disaster, there may be
shortages of traditional building materials (concrete, wood, or steel) due to major rebuilding. In
this second scenario, the choice of bamboo as a structural material is justified by its availability
and high capacity to renew. But it this case, one would expect the life span of the structure to
be longer. Treatment and maintenance of the bamboo poles will then be a necessity.
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Chapter 1 introduces the reader to bamboo. Section 1 discusses the plant in its natural
habitat, its taxonomy, and its particularity as a growing plant. Section 2 is devoted to the
techniques of harvesting and the different methods used for the preparation of the bamboo
canes. Section 3 explains the mechanical properties of bamboo. The amazing diversity of uses
for bamboo in the past and today are briefly listed in section 4.
Chapter 2 is more specific about the use of bamboo in construction. The different ways
of preparing bamboo for construction are presented in section 1. Section 2 is dedicated to
connectors, a critical point of bamboo design. Traditional as well as innovative connectors are
described. Finally, the chapter concludes with a few examples of bamboo structures. Section 3
goes into the varying types of existing bamboo bridge designs.
Chapter 3 elaborates on the design itself. It first presents the context in which a bamboo
footbridge is considered to be competitive, compared to footbridges made of other materials
(section 1). Section 2 states the general assumptions made for the design. The chapter
continues with the results and gives the methodology and guidelines used for the design and
optimization of a suspended bridge (section 3). The construction process is then described in
section 4. Finally, the choice of bamboo for the project is discussed from an economical and
environmental standpoint in section 5.
Please note that this thesis report was written by a French who is not totally convinced by
the American way of writing numbers. Commas in numbers therefore represent decimal
points, i.e. 5,600 does not mean five thousand six hundred, but rather five point six
hundred. Five thousand six hundred will be written 5 600.
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The material bamboo
SAGANO BAMBOO FOREST
www ryokan-yachlyo.com
Chapter 1
-I- Botanic and philosophy
In 1778 the Swedish botanist Carl von Linne, the father of modern taxonomy, named the
bamboo species after the Indian word "Mambu" or "Bambu". Bamboo is a subfamily of the
family of the gramineae (see Table 1), which also comprises rice, sugar cane and corn.
Kingdom:
Division:
Class:
Order:
Family:
Subfamily:
Supertribe:
Tribe:
Table 1 -
Plantae
Magnoliophyta
Liliopsida
Poales
Poaceae
Bambusoideae
Bambusodae
Bambuseae
Scientific classification
There are more than ninety genera and twelve hundred different species of bamboo (see
Figure 1-1). The term bamboo describes all tree- or bush-like grasses having a durable woody
or branched stem.
Figure 1-1 - Great varsity of species (here, species of Phyllostachys)
von Vegesack A, Kries M. Grow your own house. 2000.
Bamboo highly resembles wood at the fundamental scale in terms of cell structure. In
addition, their properties are very similar at a macro scale (appearance, mechanical properties),
- 12 -
bamboo is also termed wood. However, the major difference between the two is that bamboo
has a hard outer surface and a soft inner core; whereas it is the opposite for wood.
Bamboo has durable rootstocks called rhizomes. After twelve or more years, canes will be
fully developed in terms of thickness and height. The stems, also known as culms in the
Gramineae family, often form dense undergrowths that exclude other plants.
Roots are very important to bamboos: not only do they bring nutriments to the bamboo
poles, but they allow them to reproduce. Their type of rhizomes characterizes the two main
groups of bamboos: monopodial or sympodial.
The monopodial bamboos (running bamboos - Figure 1-2) have long and thin roots and
produces single cans at irregular intervals. They grow horizontally over large distances. A
rhizome will grow up to six meters in length every year with an average life span of ten years.
Running Bamboo
Ground
Shoot
Roots
Figure 1-2 - Monopodial species
www.bamboo.drmichaelshomestead.com
The sympodial bamboos (clumping bamboos - Figure 1-3) are characterized by their
short, thick rootstocks. They develop horizontally over short distances growing in a circular
spreading pattern.
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Culm Clumping Bamboo
Shoot
Figure 1-3 - Sympodial species
www. bamboo.drmichaelshomestead. com
Several root systems can coexist together. The bamboo root network thus forms an
effective protection against erosion: it delays the draining of rain water and serves as moisture
storage.
The monopodial bamboos, or "running bamboos", are famous for their invasive behavior.
They can spread through their roots underground and send off new culms to break through the
surface. The behavior of bamboos does not only depend on the species considered, but also on
the soil and climate conditions. Some species can send runners several meters a year, while
others can settle in the same area for a long period.
Neglected bamboos can be invasive and destroy the plants around it. Once it is
established as a grove, it is almost impossible to remove without removing the entire network of
roots. There are two main methods to prevent an invasion of running bamboos. The first
consists of removing any rhizomes escaping the desired bamboo area at least twice a year. This
method is valid only for species with rhizome close to the surface. The second is to create a
physical barrier, often in concrete or in rolled HDPE plastic between the bamboo and the area to
be protected.
Bamboo's growth model is very particular. Like grass, bamboo creates a huge root stock
to form dense bushes. But the longevity of bamboo canes makes them different. Like leaf-
bearing trees, they grow in height every year by extending out new branches. They also shed
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leaves each year. A key difference between wood and bamboo growth is that wood grows by
layering rings outward, while bamboo grows by stretching upward. Finally, like a palm tree,
bamboo canes emerge with their definitive diameter from the soil.
Figure 1-4 - Guadua Angustifolia
Guadua Angustifolia (Figure 1-4) can grow up to 30m (100 feet) in height and 23 cm (9
inches) in diameter. It resists temperature of -30C (261F). Native from northeastern South
America, this species is considered to be one of the best species for construction. Culms have
short internodes, are durable and pest resistant. It grows quickly at up to 12 cm daily (4,7
inches).
Bamboo canes consist of nodes, segments and diaphragms (Figure 1-5). The shape of the
canes varies between straight and vertical to overhanging, zigzagged, or curved. The segmental
length increases from the base of the cane to its middle, and decreases again towards the top.
Most bamboo species have an average segmental length of 35 cm (14 inches).
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node
It
diaphragm
It
I cell
Figure 1-5 - Cross section of bamboo culm showing internal structure
Ghavami K (2004) Structure and Properties of Bamboo - PowerPoint presentation
The cane appears as a small bud at the nodes of the rhizome. It grows there for several
years until it finally emerges from the soil (see Figure 1-7). From that point, the bamboo will
develop quickly into a cane. Within a year, it will reach its full size. Bamboo culms attain heights
ranging from 10 cm (4 inches) for the smallest species to more than 40 m (130 feet) for the
largest. The diameter of a segment can be as big as 30 cm (one foot) with an average wall
thickness of 10 mm (2/5th of an inch) (see Figure 1-1).
Figure 1-6 - Left to Right: Phyllostachys aurea / Tetragonoclamus angulatus / Phyllostachys
nigra f. punctuate / Phyllostaches bamb. Violascens / Phyllostachys nigra f. Boryana /
Phyllostachys viridis Sulphurea / Phyllostachys bambusoides.
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(Illustration Photo by Wetterwald M.F. )
bamboocentral.org
Bamboo is distinguished by its longitudinal growth. Bamboo is one of the fastest growing
plants on earth. Some species of bamboo grow up to 5 cm (2 inches) per hour. Also, the cane's
diameter remains unchanged as long as the cane stands. For this reason, the age of a cane
cannot be determined by its diameter. The age is estimated by the sound and the appearance of
the cane. For example, a one-year-old bamboo might have an emerald green color. Bamboos
from two to three years old may have white spots on the cane, indicating the presence of
growing lichens. At 5-6 years these lichens can be clearly seen. As the bamboo grows old, its
color evolves from green, to yellow, and then to a darker color such as brown (or even black).
Figure 1-7 - Bamboo bud with covering leaves
The cane remains free of branches until it has developed its full height. After this period
of growth that usually lasts less than a year, the branches begin to grow from top to bottom.
They develop from the nodal protuberances between each segment (see Figure 1-8). This
specific location allows the bamboo to have a strong connection with the diaphragm.
Like typical leaf-bearing trees, the bamboo sheds its leaves once a year. The new leaves
start growing as soon as the old ones have fallen. Regarding the size of the leaves, it is
generally said that the taller the bamboo cane, the smaller the leaves.
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Figure 1-8 - Bamboo cane with branches and leaves
Bamboos usually flower only once in their lifetime, and die after bearing fruits that are
edible. The flowering period can last as long as a hundred and twenty years. Flowering can
extend over large areas and even through entire countries.
The individual flowers are formed from ears and panicles, and measure only a few
millimeters in length (see Figure 1-9). The fruits have a low probability of germination, and
therefore, bamboo reproduces mainly by division.
F-r
Figure 1-9 - Bamboo flowers
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Bamboo is extremely adaptable. In fact, more than twelve hundred documented species
can be found around the world. Bamboo grows in every country that provides an appropriate
climate: Japan, Korea, Southeast Australia, New Zealand, Southeast America, Hawaii, South
Brazil, Central-South Chili, Northeast Spain, South France, North Algeria, North Iran, South
Africa, Italy, China, Columbia, and Philippines. Most of the bamboos suitable for construction
grow in the region spanning from 46N to 47S latitude (see Figure 1-10). Bamboos can grow up
to an altitude of 3800 m (12,500 ft) on sandy to loamy clay soils. Temperature-wise, they grow
from 28 0C up to 50 0C (80 - 1200F).
Figure 1-10: Bamboo grows in a ring from 46N to 47S latitude
www. wikpedia. org
Some species prefer well-drained soils, but bamboo can hardly be found in wet or marshy
places. For any climatic region, there are hundreds of species to choose from. In Australia, there
were five native species. This number increased to over two hundred today, and more are
constantly being introduced, which speaks for the adaptability of bamboo. From the twelve
hundred species worldwide, only about one hundred are registered as "Elite Bamboos": bamboo
that can be significantly useful.
One main obstacle to the bamboo's hegemony is that they do not survive in saline soils or
in cold temperatures.
In China, bamboo is considered one of the Four Noble Plants that represent the four
seasons as well as one of the four aspects that comprise of an ideal human in Confucian
ideology. Bamboo (zh6 ri) is also one of the "Three friends of winter": plants that are admired
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for their perseverance under harsh conditions. Bamboo is also a symbol of longevity, and as a
symbol of friendship in India. However, its flowers signal approaching famine. As mentioned
above the blossoming of bamboo is a rare event (the Melocanna species blossoms every 48
years). However, when it happens, the profusion of flowers allows rats to proliferate. The
disequilibrium created affects the food chain and the entire economy of certain regions of the
world. The most recent flowering began in May 2006. In Japan, bamboos (take t/t) are given
the power to repel evil and are therefore often planted around Shinto temples.
In Asia, many cultures link bamboo with the origin of humanity in their creation myths.
For instance, on the Andaman Islands in India as well as in the Philippines and Malaysia, it is
said that humanity emerged from a bamboo stem. In Hawaii, bamboo is one of the forms the
Polynesian creator god can take.
Bamboo also has a significant presence in legends. One of the most famous is the
Japanese folktale "Tale of the Bamboo Cutter" (Taketori Monogatari), the oldest Japanese
narrative. It tells the story of a bamboo Harvester whose destiny is changed by the discovery of
a princess from the Moon discovered inside the culm of a great bamboo.
Bamboo has also its place in the popular sayings around the world and especially in Asia
where it is at the origin of many adages. A Vietnamese maxim, for instance, illustrates how
vivacious bamboo is: "When the bamboo is old, the bamboo sprouts appear". Vietnam, like
bamboo, will never be annihilated: if a generation dies, the next one takes its place.
All in all wherever it grows, bamboo is a universal symbol of the life forces, and can well
epitomize what is meant now by the concept of ecological sustainability.
-II- Harvesting, and treatment
Guadua angustifolia, native from Colombia, is the species that is the most widely used for
construction. It is the most useful species to plant for building purposes. It can produce an
incredible number of culms per hectare (2,2 acres): seven to ten thousands canes per hectare.
Some species from Brazil can even produce up to sixty thousands culms per hectare. To
maximize the utility of bamboo, one must grow it on slopes and in poor, dry soils: these
bamboos are stronger than the ones grown in valleys, and bamboos that grow in poor, dry soils
are usually more solid than those grown in rich soils.
Depending on the climate and the type of bamboo, the harvesting is done at intervals of
two to four years. Only 30% of mature canes are harvested, since the remaining ones are very
useful in supporting the young shoots and in maintaining a healthy the network of rhizomes. For
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buildings and other industrial purposes, the most suitable poles are between two and five years
old. Knowing the age of the culm is crucial in selecting culms with the greatest strength for
construction. The most appropriate seasons for felling are autumn and winter. As for climates,
the subtropics accompanied by dry seasons would be ideal. At this specific time of the year for
those regions, attacks by insects are minimized: moisture increases the probability for the
bamboo to be attacked by fungi, beetles or termites.
The harvesting process does not require much machinery: it is done by hand, using a
machete or a similar tool. The branches must be carefully removed so that the outer skin is not
damaged. It is important to cut bamboo just above the node at the base to prevent viruses of
entering the rhizomes' network. The height of the harvested poles can be estimated by
multiplying the base circumference measured in centimeters by 58,2 for species with diameters
greater than 5 cm. Bamboo canes have a circular cross-section and are slightly tapered inwards:
the diameter decreases gradually from the base to the top. Shorter canes taper more
dramatically than longer ones and therefore, longer canes are more appropriate for building
purposes. The cane should be at least three years old: after the first three years of growth,
bamboo starts to silicate slowly, and is at its optimal mechanical capacity.
After the harvest, the drying process is the most important step in the new life of the
bamboo cane. This is the phase where the bamboo canes reach their final shape: the poles
should be stored horizontally with close supports so that they do not sag nor bend. Like timber,
they should be protected against the sun, the rain and soil moisture.
In the industry, there are two main techniques used for drying bamboo canes. They are
the same as the one used for wood. Firstly, the air-drying process takes place in a dark
environment with good air circulation. This usually occurs for six and twelve weeks. Secondly,
the kiln-drying process (in a thermally insulated chambers) takes only two to three weeks. It is
important to keep in mind that some species of bamboo do not tolerate quick drying and will
develop cracks if dried too quickly.
For longer lasting structures, it is important to treat bamboo against rotting and insects.
Insects are indeed a major problem in bamboo structures. Many practices are used in the
industry to increase the lifespan of bamboo.
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The smoking of the bamboo canes in their own resin makes the bamboo skin indigestible
to insects. The process is simple and economical, and simply requires a smoking closet (see
Figure 1-11).
Figure 1-11 - Oven to smoke bamboo
von Vegesack A, Kries M. Grow your own house. 2000.
The heating of the canes to temperature of 150 0C (3000F) modifies the external structure
of the bamboo, making it more resistant against insects' aggressions. This technique requires no
chemical additions but raises two main problems: firstly, the poles can crack easily because of
the variation of pressure within the bamboo and secondly, this heating process needs to be
done under water (to prevent drying of the canes) and therefore requires a very big container
on top of using energy.
The immersion process consists of putting the freshly harvested canes under water for a
period of one to three months. The water naturally removes the sugar from the poles. This
prevents insects from being interested in bamboo by removing their source of nourishment. For
this technique, streams are more suitable than stagnant ponds, and saltwater is not an option,
because salt would bring moisture and fungi into the canes.
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The technique of impregnating coatings is also widely used. The coating can be done with
borax, lime slurries, or other sustainable substances. Using insecticides such as DDT or PCP is
not ecologically acceptable but is an option that can be considered.
Finally, on top of all those preservation techniques, one should perforate all the
diaphragms in the bamboo to prevent the moisture of rotting the pole from the inside. A non-
treated bamboo would not last more than 2 years, when a treated bamboo can last for more
than 90 years, as testified by Japanese buildings.
-III- Properties and testing results
Bamboo is strong in tension and in compression. The tensile strength of the outer fibers
of Bamboo is much greater than that of steel. Bamboo exhibits great bending capacity. Its
elasticity makes it a great material for construction in earthquake areas. The light weight of
bamboo is one of its great advantages: it is easy to transport and easy to work with. The usage
of cranes is unnecessary in most cases.
The outer fibers have high tensile strength. The challenge for bamboo engineering is to
design connectors that could transfer stress efficiently. The tensile strength remains the same
during the life of the bamboo, but the compressive strength tends to increase as it gets older.
Since bamboo is a natural material, each sample is different. It is very important to agree
on a proper universal testing protocol. The International Organization for Standardization has
published a protocol (ISO 22156:2004, ISO 22157-1:2004, ISO Technical Report 22157-2:2004).
For instance, the tests should not be performed on bamboos younger than three years
old. It is only after the first three years of growth that the canes start lignifying and silicating,
therefore developing fully their mechanical capacities. Besides, tests should be done on pieces
of bamboo with an entire segment and two intact nodes. This assumption is important because
the nodes play an important role in the structural integrity of the canes: they increase the
resistance of the cane against splitting and buckling.
The testing that does not take into consideration those criteria cannot be fully used.
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Figure 1-12 - Bamboo Testing at Technische Universiteit Eindhoven
www.bwk.tue.n//bko/research/Bamboo/members.htm
Shrinking is a property that can be studied easily. Again, one should consider carefully the
age and relative humidity of the sample studied. Each species has its own characteristics. In
general, it can be said that bamboo shrinks more than wood when it loses water: to the point
where the canes can tear apart at the connections. But once it has dried, it becomes more
stable than wood. The shrinkage of size that takes place is around ten to fifteen percent for the
cross section and for the wall thickness.
Comparing results from different tests is not easy. Firstly, the protocols used for the test
are different. The species and the characteristics of the samples must also be compared against
each other. Evaluating and comparing the material performances is a very complex task since it
is so dependent of its age, its humidity content, and the geometric characteristics of the cane.
Each sample is truly unique.
The results of the tests presented here were done on the Guadua Angustifolia species,
with samples with a relative humidity of about 15%. They have been run by Dr .Simon Eicher,
from the Otto- Graf-Institute.
As shown in Table 2 and in Table 3, bamboo works better when put in tension than in
compression. From a structural point of view, slimmer bamboos have better mechanical
properties than bigger ones with respect to their cross section. This is explained by the micro
structure of the cane. The silicate external skin is responsible for most of the strength of
bamboo: the overall proportion of external skin is bigger in slimmer canes and they are
therefore stronger.
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Compressive Strength
kN/cm2
Parallel towards fibers
Section diameter
60 mm
6,36
Vertical towards fibers
Table 2 - Compressive Strength
32 mm
8,63
5,2-9,3
As shown in Figure 1-13, the compressive strength depends also on the density of the bamboo.
The statistics show the existence of an optimal density in terms of compressive resistance.
Below 520 and above 820 kg/m 3, the compressive strength indeed diminishes.
2
1
74
DE20 / 20
DENSIT'( E kg/rmrn3j SeD set)STADCTW CreMA^23
Figure 1-13 - Histogram for density and compressive strength, Guadua Species
ARCE, 0. Fundamentals of the design of bamboo structures
Fundamentals of the design of Bamboo structures, thesis by 0. Arce-Villalobos 1993
Bamboo is not a homogeneous material. Inner and outer fibers have very different
properties and work together to make bamboo a unique material. The inner part is softer and
extremely elastic whereas the outer part is more rigid and extremely strong due to its silicate
composition (Table 3). The tensile strength decreases in the nodes where the fibers run
randomly. Nodes reduce the tensile strength of the whole culm. After five to six years, the
tensile strength tends to decreases.
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Tensile Strength
kN/cm 2
Outer Fibers
Inner Fibers
Complete wall-
thickness
Section diameter
80 mm
Min = 30,38
Max =
Min =
Max =
32,73
13,53
16,33
Min = 16,27
Max = 21,51
Table 3 - Tensile strength
Young Modulus kN/cm2 Section diameter
Compression
100 mm
1519
Min
Max
Outer Fibers
Inner Fibers
90 mm 80 mm
- 1890
1700
2200
1790
2410
1690
1360
Full tube 1700/2200 - - - -
Table 4 - Young Modulus
The Young's Modulus (Table 4), also known as the elastic modulus varies in bamboo
according to the type of stress. This can be explained by the fact that bamboo is not isotropic.
The bamboo culms can be seen as a stack of concentric layers with different properties. Those
properties would also vary longitudinally between two nodes. The material becomes stronger
closer to the diaphragms.
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30 mm
35,74
38,43
14,84
19,47
23,25
27,58
Tension
Bending
70 mm
1650
1400
2270
1890
30 mm
3250
00,
I
I
I
I
I
I
I
/
1
A
.10
Decreasing Diameter
- - - - Compression - - -Tension - - Bending
Figure 1-14 - Variation of the Young Modulus
One can see in Figure 1-14 that there is an optimum cross section for the Young Modulus
when the bamboo is in compression or in tension. For these types of stress, the Young Modulus
decreases above or below a certain diameter. This property should be taken into consideration
when designing a bamboo structure.
Section diameter
Bending Strength
100 mm 80 mm 70 mm
kN/cm2
1,519 1,890 1,650
Table 5 - Bending Strength
Bending strength varies similarly to the Young modulus (Table 5): it has a maximum
which corresponds to an optimal diameter. In terms of inertia, the tube is the most optimized
shape one can get. The material is as far from the center of gravity as it can be.
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Tensile Compressive Elastic Bending
Strength Strength Modulus Strength
DB magazine 14,8-38,4 6,2-9,3 2000 7,6-27,6
Purwito 98 9,8-39,4 2,45-9,8 980-2940 6,8-29,4
Dr. S. Eicher - 5,6 1840 7,4-10
Dr. H. Lopez 19,19 3,93 2150
Prof. Janssen - 1760 14,48
Table 6 - Different testing results
In Table 6, one can find different testing results done by five different researchers. The
variations in the results can be easily explained by the nature of the material bamboo. Each
cane grows differently according of the amount of sun, water, and nutriments it receives. Each
cane is therefore unique. Properties vary depending of the relative moisture of the bamboo: the
density, for instance, varies from 500 to 800 kg/m 3 (31 to 50 pounds/ft 3).
Furthermore, the tests have been run in different places, on different samples, and under
different conditions. Furthermore, the tests are done at small scale, and the samples are not
always representative of the overall behavior of the culms. This explains why the design values
(Chapter 3 - Table 11) are so small compare to the results presented above.
Another important property that must be examined for construction purposes is fire
resistance. Bamboo has relatively good fire resistance, because of the high content of silicate
acid in the outer skin and its high density. Bamboo is classified, according to the DIN 4102
(Burning behavior of building materials), as flammable but hardly combustible. Tests have been
done at bigger scale showing that a typical floor/ceiling system made of bamboo last 30%
longer than an unprotected wood joist floor system similarly loaded. The resistance can be
easily improved by filling the cane with water. The pole can then stand a temperature of 400* C
while the water boils inside.
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Figure 1-15 - Fracture of Bamboo
Karl Kramer, Mittellungen des Institus fur leichte Fl/chentragewerke IL Nr. 31 (1996)
The cracking behavior of bamboo is unique in the sense that a local fracture does not lead
to a break of the whole culm. If a crack appears, it spreads along the fiber direction and
therefore affect less the stressed part. The failure of the cane is retarded. Furthermore the
diaphragms prevent the longitudinal cracks from spreading along the entire tube length. This
"local cracking" behavior is taken as a model of the creation of new composite materials: the
objective is not to prevent the crack from appearing but from spreading.
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-IV- Comparison with other materials
In the German journal of construction DB magazine, one can find the comparison of the
different properties of different materials: spruce, bamboo and steel (Table 7). As expected,
bamboo is stronger than spruce, but not as strong as steel. There is something to remember
from this table though: in certain cases and under certain conditions, bamboo is stronger than
steel in tension and in bending.
kN/cm2
Elastic Modulus
Compressive strength
Tension strength
Bending strength
Shearing strength
Table 7 - Comparison
Spruce
1100
4,3
8,9
6,8
0,7
Bamboo
2000
6,2-9,3
14,8-38,4
7,6-27,6
2,0
Steel (St37)
21000
14
16
14
9,2
(DB, Deutsche Bauzeitung 9/97)
Bamboo has about the same compressive strength as aluminum and twice the one of
concrete. Bamboo has also a higher strength-over-weight ratio than wood.
Overall, bamboo is an extremely light material with great structural properties. Its great
bending capacity makes it very appropriate for an earthquake-proof material. In terms of the
ratio strength to mass or stiffness to mass, bamboo is a very competitive material as shown in
Figure 1-16.
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strength/mass per volume
stiffness/mass per volume
concrete steel wood bamboo
Figure 1-16 - Comparison of the stiffness and strength divided by their mass per volume
Janssen JJA. Designing and building with bamboo. Beling, China: IABAR; 2000.
On top of those great mechanical properties, bamboo is environmentally friendly. The fact
that it needs very little energy to be produced makes it one of the most sustainable materials
with a very low level of embodied energy. But this aspect of the material does not affect its
mechanical properties: the ratio of energy for production to the unit stress is only of 30 for
bamboo, or fifty times lower than for steel (see Table 8).
Material
Concrete
Steel
Timber
MJ/m 3 per N/mm 2
240
1500
80
Bamboo
Table 8 - Embodied energy of building
30
material with respect to their strength
Janssen, J.A.: Bamboo in Building Structures (1981)
From a bamboo plantation, ripe culms can be harvested every year, a great advantage
compare to wood, for which one must wait for an average period of 15 years: Douglas fir (100
years), oak (10 years), southern yellow pine (7 years). Furthermore, wood deforestation greatly
increases the problem of soil erosion. In a bamboo plantation, only the mature ripe culms are
harvested: the younger culms remain in place.
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- V- Uses
There are a myriad of different uses for bamboo. Its low price, proximity, and its great
strength-over-weight ratio make it suitable for many purposes.
Vestiges all around the world show that bamboo was already used around nine thousands
years ago. Three thousands years ago this use became more sophisticated and the first bamboo
structures appeared: suspension bridges, floating bridges, gabions (basket of bamboo secured
at the banks) used as dams, large 30 meters (100 feet) communal houses... Bamboo shaped the
traditional and local architecture in many countries in Asia, Central and South America (see
Figure 1-17 below).
Figure 1-17 - Interior of a traditional Japanese House
www.seewald. com
Chinese invented "fire arrows", ancestors of the rockets that were made of bamboo filled
with gunpowder. Bamboo was also used, and is still used today, for usage as diverse as making
paper, food, medicine and transporting water. Archeologists recently found a set of 300 slips of
bamboo paper in a 2nd-century B.C. Han Dynasty tomb.
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Figure 1-18 - Bamboo Bicycle
www.americanbamboo.org
More recently, new usages have been found for bamboo. Bamboo played a major role in
the history of artificial lighting as it was used as filament in the first electric light bulb promoted
by Thomas Edison (Figure 1-19). A plane made completely of bamboo was built in the
Philippines, while the Chinese commonly used it in their planes during World War II. Bamboo is
also used as charcoal which removes odor and acts as a water purifier, a food preserver, and a
dehumidifier. Bamboo fibers are also very promising to make clothes. One example among
many: in 2006 a French daily newspaper could provide no less than 10 websites for textiles in
bamboo from www.spilan.fr, vetementbio.com, to www.dore-dore.fr and www.bambouseraie.fr
or www.ingeofibers.com (Le Monde, May, 16, 2006).
Figure 1-19 - Hand-made bulb from 1885, Lynn, Massachusetts. Bamboo filament
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www.kleonard.com
In the world of construction, bamboo is used as reinforcement for concrete, as long span
beams made of laminated bamboo, raw material for bridges, fencing, trellis and folding screens.
It is also used to make furniture, parquet, flooring and cladding. In Colombia, as recently as the
1930s, all houses in the Caldas State were made of bamboo. One notable use of bamboo today
can be seen in Asian scaffolding structures, where bamboo is still largely used: the great ratio
load-bearing capacity to weight makes bamboo one of the most appropriate materials for
scaffoldings, even for very tall buildings.
Figure 1-20 - Bamboo scaffolding at the top of a new high-rise building in Hong Kong
photo: Andy van den Dobbelsteen
The use of a bamboo culm varies through its life. Very young bamboo culms, younger
than a month are good for eating. When they are less than a year old, they are still very flexible
and are very appropriate for making baskets. Between two and three years, bamboo poles are
fully matured in terms of the development of their outer skin: they are used to make bamboo
boards. Between three and six years the bamboo poles can be used as they are for
construction. After six years, the bamboos gradually lose their strength. On the axis of the
traditional-industrial applications, we see that the traditional uses utilize younger bamboos
whereas the more innovative ones employ older canes (Figure 1-21). A more details list of
bamboo's uses can be found in the appendix.
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Figure 1-21 - Various bamboo applications on the axis traditional-industrial
Larasati D. Uncovering the green gold of Indonesia. Eindhoven, Netherlands: Design Academy;
1999
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Building with bamboo
Bamboo Dome in Luxemburg
bambus.rwth-aachen.de
Chapter 2
-I- The preparation of the canes
A- Shaping bamboo canes
One of the main disadvantages for using bamboo as a structural material is its tubular
shape: it makes the design of connection difficult. A way to avoid this problem is to simply
change the shape of the bamboo. This can be done by altering the way bamboo grows: a
square box can be set up around the sprouts or young canes. The almost-square resulting
shape will be more efficient for connections (Figure 2-1). Further research should be conducted
to understand whether this shaping process alters the homogeneity and/or the strength of the
bamboo canes. Nevertheless, square bamboos can be used for decorative purposes.
Figure 2-1 - Bamboo being forced to grow in a box (Guadua Angusifolia)
Constructon of bamboo arches and roofs using the culm flexibility and the transversal and
longitudinal artificial deformation of the culm by Oscar Hidalgo-Lopez
This technique can also be used to increase the thickness of the outer layer of the
bamboo. This can be done by constricting the growth of the young cane in a tube with a slightly
smaller diameter than the natural diameter of the fully grown cane. By placing tubes of different
diameters at different locations, this process allows to create very precisely designed beams
with variable inertia. "To make one curved laminated beam could cost $25,000. But to grow the
equivalent in bamboo would cost only $100" says Oscar Hidalgo, the well-known expert for
bamboo in Latin America who developed this technique.
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Aa
Figure 2-2 - Growing bamboo in a specific shape
Constructon of bamboo arches and roofs using the culm flexibility and the transversal and
longitudinal artificial deformation of the culm by Oscar Hidalgo-Lopez
One can see in Figure 2-2 how simple it is to grow bamboo into a given shape: (A) Once
introduced inside the wooden form, the shoot grows and takes the shape desired. (B) Once the
shoot leaves the top part of the form, the form can be removed and used on another shoot.
Another way to shape a bamboo cane is to bend it right after it has been cut. The pole
will tend to keep the desired shape once it has dried. When heated above 1500C, a bamboo
strip can be fashioned in almost any shape and will stay as it was bent once it has cool down.
Figure 2-3 - Bamboo shaped under heat
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B- Manufacture
The strongest of the temperate bamboos are Phyll. bambusoides and Phyll. mequinods. In
the rest of the world, Guadua Angustifolia is the most widely used species for construction. After
the canes have been treated, they are ready to be manufactured. The preparation of the
bamboo canes for the different uses can usually be done with very simple tools. It is not the
complexity or the sophistication of the tools that matter, but the sharpness of the blades: the
outside portion of the culm wall is dense, containing about 5% silica, and is therefore very
strong. In this section, one can refer to some methods used today for splitting, shaping and
treating the surface of the canes.
The fact that bamboo fibers only grow longitudinally makes the splitting process rather
simple. The cane is split in halves or quarters along the cane axis with a knife or a machete
(Figure 2-4). More sophisticated tools can also be used, as shown in Figure 2-5 where a bamboo
cane is split with a knife frame.
Figure 2-4 - Splitting of a bamboo cane
Figure 2-5 - Splitting bamboo with a knife frame
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The strips, depending of their width and length, can be used either as ties, strings, or as
ropes once they are woven. The halved canes can be assembled to form roofs, gutters, or even
cladding. Planks can also be easily made by smashing the nodes and forcing open the cane until
it lies flat as shown in Figure 2-6.
Figure 2-6 - Producing bamboo planks
-II- Connectors
The design of the connectors in a bamboo structure is a very challenging process and
represents the most important part of a design.
The round and hollow profile creates difficult geometric problems at the meeting point of
two canes: even in steel construction, the industry tends to avoid connections between tubes.
Additionally, welding is not an option with bamboo. The fact that there are no cross fibers
makes the transmission of the load through connectors a challenge. Therefore, the design must
not put too much stress on the outer layer, and must deal with the smooth, non-grip surface of
the bamboo skin.
Each cane has a unique geometry. The connectors have to be designed in such a way
that they can adapt themselves to variation of diameters of the sections. The connections really
depend on seasonal changes where variations of the ambient moisture content can cause a
variation of 6% of the diameter and a consequent joint failure. This section presents traditional
and innovative ways of connecting full bamboo canes. The way of connecting split bamboo
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canes will not be developed here, since it is very similar to the traditional wood construction
techniques.
Two modern trends of bamboo connectors can be distinguished: the traditional and the
innovative.
A- Traditional connectors
Traditional connectors use very simple, cheap, and usually natural materials. This
traditional way of assembling bamboos can be divided in two categories: the friction-tight rope
connectors and the plug-in connections.
The friction-tight rope is the fastest, easiest, cheapest, and most widely used method. It
consists of assembling the bamboo canes with organic lashings. The ropes can be made of
bamboo stripes (Figure 2-7), rattan (Figure 2-8), lianas, or coconut- or palm fibers. The lashings
are soaked before the assembling: when drying the natural fibers shrinks and tightens the
connection. Nowadays plastic cords are also used: they are more solid and more reliable, but
they do not offer the advantage of shrinking.
Figure 2-7 - Connection with bamboo strips
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rFigure 2-8 - Fine handwork rattan connection
The fibers can simply be knotted around the canes as shown in previous figures, or they
can be passed through a drilled hole if the connection is needed at the end of the pole. In this
case, the crossing bandage prevents the post from sliding (Figure 2-9).
Figure 2-9 - End to middle connection
Since this friction-tight rope method is so simple and so fast to apply, it is not surprising
to find it used in traditional scaffoldings. These temporary structures need to be assembled and
disassembled quickly. The soaking and drying method cannot be used because it does not allow
the ropes to be reused: simple sticks are used to tighten the lashing tie. As shown in Figure
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2-10 the stick is simply affixed to the post. The type of connection produced is very cheap and
can be assembled by unskilled workers. This technique has the great advantage that the joints
can be re-tensioned to the appropriate degree without difficulty and quickly released again.
Figure 2-10 - Traditional scaffolding connection
The second traditional connection systems are the plug-in connections. They are often
combined with the friction-tight rope method. This second technique is usually used for canes
with greater diameters. The connections with tenon and mortise, traditionally used in wood
construction are rarely used in bamboo structures because of the geometric difficulties created
by the tubular shape. However, positive fitting connections are used in traditional bamboo
buildings though (Figure 2-11). Bolts are and will be more and more often used.
For this technique, one should ensure that the holes are not too close to the end of the
canes to avoid failure from the end. One should also be careful not to split the bamboo canes
when using nails: pre-drilling is the answer to this problem. There are two exceptions: the
Guadua angustifolia and the Chusquea species support nailing without splitting.
Figure 2-11 - Positive fitting connection
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Connections can become complex. If more than two or three canes meet at the same
node in a structure, the connector will require a new level of complexity and more qualified
handwork. Furthermore, since bamboo usually shrinks after the end of the construction,
connections are not fully stable. Additional arrangements such as lashing or bolts are a necessity
for safe wedge connections (Figure 2-12).
219
'41, KALSawdIT
DXIV I kLEN
PLM V[Ewh R1 TIE WA14
Figure 2-12 - Wedge connection interlocking three members
The knot and bolt connections are relatively efficient connections if one looks at their
simplicity. The process is as simple as inserting the bolt inside through the two (or more) pre-
drilled bamboos and screwing the knot on the other side.
B- Innovative connectors
There are many innovative ways of connecting bamboo nowadays, and much research is
being undertaken on this topic. In this section one will find different solutions proposed by the
industry. With the use of steel elements many more connections become possible. The aim of
these new generation connectors is to transfer stress in a more efficient way without
compromising the adaptability of the differing variations of the bamboo poles.
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- Bambu-Tec proposes prefabricated bamboo sticks with specific length. The bamboos
sticks are covered with a cap connected with synthetic resin that allows better transmission of
loads.
- Pan - frame-works (Figure 2-13). This solution has been designed for bamboos of
diameters smaller than 80 mm (3 inches). The loads are transmitted via a metal rod to a sphere
node. The system is not efficient, seeing that only 50% of the tension stresses are carried out
but this offers interesting geometries from an architectural point of view.
Figure 2-13 - Pan-knots (left) and Induo System (right)
www.in-duo. de
- Induo - System (Figure 2-13). This system, consisting of a sphere screwed to the
bamboo, allows transferring about 100% of the maximum rated load of large bamboo
diameters. A specific grouting is needed to ensure the perfect liaison between the screw and the
bamboo.
In 1989 Shoei Yoh developed a sophisticated system consisting of steel tubes inserted
inside the bamboos and connected to them with bolts (Figure 2-14). Using the steel as a
starting point, the design of the connection is easy and follow the traditional rules of steel
design. If the loads are transferred perfectly, this option increases drastically the construction
costs.
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Figure 2-14 - Shoei Yoh tube system
Bamboo Connections Report - bambus.rwth-aachen.de
In 1997, the Renzo Piano Building Workshop proposed a design based on wires (): the
poles are connected to a steel element with binding wire. This design is not optimal for heavy
loads since the wire is more fragile than simple bolts.
Figure 2-15 - Wire connections (Renzo Piano Building Workshop)
Bamboo Connections Report - bambus.rwth-aachen.de
The last type of innovative connectors is called wood-core connections. The principle is
the same that the one for steel connectors except that the steel is replaced by wood and that
bolts are replaced by glue. Two slots are cut in the bamboo before the wood care is put in place
to prevent cracking. Once the core is bounded to the bamboo normal wood construction
methods can be used. One can also go one with connection using steel, as shown in Figure 2-16
where D, C, and E are steel plates that can be glued using a mixture of epoxy resin and portland
cement. Compare to the steel connections systems presented above, this system offers the
double advantage of reducing the cost and the total embodied energy of the structure.
- 46 -
B14* E
Figure 2-16 - Connecting system
Arce-Villalobos O.A.: Fundamentals of the design of bamboo structures
Canes can be assembled to work together. The cane bundles created can be used to carry
bigger loads. Steel or even plastic bands can be used to keep the canes together at different
intervals (Figure 2-17). If used in bending, one should ensure that the canes do not slip with
respect to each other.
Figure 2-17 - Bamboo cane bundle
Arce- Viffalobos O.A.: Fundamentals of the design of bamboo structures
For foundation purposes, the easiest connection is a simple rebar. It is cast in the
concrete foundation at the bottom while the top is embedded in the bamboo culm (Figure 2-18).
Different strategies can be used to transfer the load from the bamboo to the steel
reinforcement: the simplest one consist of pouring concrete within the last bamboo segments.
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Figure 2-18 - Bamboo column and reinforcement steel
C- Bolt connections
In Table 9 and Table 10, one can find the result of the testing for bolt connections
published by David Trujillo in Bamboo structures in Colombia. The simplicity and low price of
bolt connections make them very attractive. We used the values presented below in the design
presented in Chapter 3.
Fastener type
Predrilled nails
Bolt (p = 6.4mm
Bolt (p = 9.5mm
( /8")
Bolt (p = 12.7mm
(V2")
kN Observed failure modes
2.5 Splitting or local crushingfollowed by splitting
5 Splitting or local crushingfollowed by splitting
Splitting, shear or local
6 crushing followed by splitting
or shear
7 Shear failure or local crushingfollowed by shear failure
Table 9 - Ultimate strength values for dowel type fasteners loaded parallel-to-grain
Bamboo structures in Colombia by David Trujillo
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Strength (kN) Diagram
Connection Geometry: Transverse dowel, symmetric in-plane connection,
force is applied in line with the axis of the culm.
Fastener: 12.7mm dia.
through bolt.
Other: Node to the loaded
edge
12.7mm dia. through bolt.
Other: Node to the loaded
edge, grouted internode
Fasteners: 12.7mm dia.
through bolt and 7-8 6.35mm
rebar pins helically fitted.
Other: Node to the loaded
edge, grouted internode
10-13
35
60
Shear failure or local
crushing followed by
shear failure
Local crushing and
diaphragm rupture
Local crushing
followed by bolt
bending and grout
tensile failure
Connection geometry: Transverse dowel, asymmetric in plane connection,
force is applied in line with the axis of the culm.
Fastener: 12.7mm dia.
through bolt.
Other: Node to the loaded
edge, grouted internode
7-10
Local crushing of
bamboo and mortar
accompanied by
dowel rotation
Connection geometry: Coaxial dowel, tension force onto dowel
Fastener: 12.7mm dia. coaxial
bolt with nut and washer.
Other: No node to the loaded
edge, grouted internode
Fastener: 12.7mm dia. coaxial
bolt with nut and washer.
2
10
Mortar debonding
from bamboo
Diaphragm shear
failure
Other: No node to the loaded
edge, grouted internode
Table 10 - Ultimate strength values for some bamboo connections
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Components Failure mode
To conclude, it can safely be said that connections represent the most critical part of the
design for a bamboo structure. Traditional ways of connecting bamboos are designed using
experience. The design of the most innovative connections follows no universal rules or code.
Bamboo designs need guidelines to develop.
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-III- Design examples
Many examples of bamboo structures can be found around the world.
The most popular is the bamboo house. Bamboo provides shelter for millions of people.
Bamboo houses are very simple from a structural point of view. The bamboo posts anchored in
the ground provide the structural stability. There is no bracing system or diagonal members in
these structures. Overall, the houses have a high elasticity and low mass. This is why bamboo
houses are very appropriate for seismic-prone areas.
Figure 2-19 - Traditional bamboo house
Bamboo's great properties have been used in the design of bridges and footbridges.
These structures endure weather conditions that reduce their lifespan by a factor of three
compared to the bamboo houses that can last more than ninety years. There are many ways to
span a river with a bamboo structure and this section offers a few examples.
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Figure 2-20- Simple "beam" footbridges
The simplest way to span a river is to create a self-supported beam. This method is the
most appropriate for short spans (two to three meters).
A few poles, held together with a tied transverse bamboo stick can easily act as a bridge.
The load is distributed through the poles via the transverse batten. The latter also increases the
rigidity and the lateral stability. The ends must be well connected to the ground to prevent the
displacements and overturning of the structure. The same principle of transversal load
distribution is used in footbridges with surface made of woven bamboos (Figure 2-20). If the
span is too long, it can be divided by using piles that will also serve as supports for the
handrails. If the span really increases, one will need to brace the overall system in the two
directions: diagonal braces will be installed between the piles.
Footbridges are sometimes more elaborate. It is often the case when the span is longer
than 3 meters and when it is not possible to construct piers because the river is either too deep
or to fast. Many solutions are then possible.
The suspended truss is one of them. The slightly curved arched beam used as a
walkway is held in place by the top triangulated network of poles. The latter works in
compression and increases the stiffness in the longitudinal direction of the bridge (Figure 2-21).
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Figure 2-21 - Footbridge as a twin suspended truss
"IL 31 - Bamboo" by the "Institut fir leichte F/&hentragwerke" (1985)
Bamboo can also be used to form arches as shown in J6rg Stamm's covered bridges.
Inspired by the wood construction, those footbridges are self-protected from the weather and
therefore have a longer lifespan than traditional bamboo bridges. The bridge located in
Tierradentro, Colombia, spans 30 meters (Figure 2-22). J6rg Stamm's longest bridge of this kind
spans 52 meters and is part of the Liceo Frances in Pereira, Colombia.
Figure 2-22 - Covered arch footbridge by Jorg Stamm
bambus.rwth-aachen.de
architecture.myninjaplease.com
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Last but not least, bamboo is used in suspended bridges. The oldest remaining bamboo
suspended bridge is also the longest one. It was built in the 3rd century A.D. and spanned 320
meters (1040 feet) above the river Min. The bridge hangs from seven piers, the greatest
distance between two consecutive piers being 61 meters (200 feet). It was repaired and
changed many times since its construction but was still used in 1958 when the photograph of
Figure 2-23 was taken. The bridge was hanging from ropes made of the strong outer layer of
the bamboo canes. The anchors consisted of large pieces of wood blocked with huge basket
filled with stones.
Today the bridge is still used but steel cables have replaced the bamboo ropes.
Similar, but smaller bamboo bridges were also constructed in India, and by the Incas in
South America.
Figure 2-23 - The An-Lan suspended bridge
"IL 31 - Bamboo" by the "Institut fOr leichte Fchentragwerke" (1985)
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Bamboo's adaptability allows the design of innovative bridges. In Los Angeles, a
footbridge of a new kind spans the few meters of the courtyard of the Materials and Applications
research centre. Designed by Arup, the hyperboloid-shaped bamboo footbridge was constructed
from 150 freshly cut bamboo poles lashed together with plastic zip ties.
Before it was built, the structure was fully computer modeled with GSA, a finite element analysis
software: a premiere in the world of bamboo design (Figure 2-24).
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Figure 2-24 - M&A's bamboo footbridge's GSA model
www.oasys-software.cor/about/case studies/bamboo bridge.shtml
www. emanate.ora/monsters.htm
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Chapter 3 Design of an affordable pedestrian bamboo bridge
VO
-I- General context and goal
Bamboo grows almost everywhere. Bamboo grows quickly. Bamboo is strong and light
weight. Bamboo is a natural material that contributes to the regeneration of C0 2.
This combination of exceptional properties that was described in the previous chapter
makes bamboo the perfect material for construction in developing countries.
Bamboo is a natural material: this is both its greatest and its weakest strength. It is easy
to produce, but each product is unique and would need, in theory, its own testing. Since each
pole has its own geometry, the standardization of connectors is difficult. A major concern in the
world of construction is the lifespan of structures. Bamboo indeed grows very rapidly, but it has
a tendency to deteriorate quickly as well.
In sum, we have a cheap material, easy to work with, strong, green, with a limited life
span. It is very appropriate for the construction of temporary structures. Furthermore, bamboo
structures can be assembled quickly without much equipment or skill. For these reasons,
bamboo is the ideal material to use for the construction of temporary footbridges in developing
countries.
In case of natural disasters, such as floods, hurricanes or earthquakes, the communication
infrastructures are the first that need to be rebuilt. When bridges have been destroyed,
communications and travel become very difficult. A simple footbridge can help to reach some
zones where relief aid is needed and can greatly accelerate the evacuation of cities as well as
the process of reconstruction.
The purpose of the bamboo footbridge purpose would be to provide a fast, economical
and environmentally friendly solution. Its construction sequence is simple enough for the people
on site to manage the erection of the bridge by themselves, with little need of a qualified labor.
The construction of the bridge should be a first step in the process of reconstruction.
A bridge can be seen as a connection between the past and the future. The teamwork
required for the construction of the bridge will allow people to unite towards a common goal.
Instead of waiting for outside help, the victims of the disaster will be able to help themselves
and will make the work of the rescuer easier. Working for their rescue, the stricken will be active
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and will be less inclined to be affected by traumas. It is well known that traumas are the most
difficult wounds to heal.
One could argue that a footbridge is not as useful as one that could be used by cars and
trucks. In emergency situations, the transportation of heavy or sensible loads is critical: injured,
water, food, medical units are needed. However it should be noted that in large scale natural
disasters, entire regions are not accessible by cars because the roads are either impassable or
jammed by escaping populations. During the immediate aftermath of a disaster, the rescue may
only be managed by air or by foot.
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Figure 3-1 - Population growth and flood affected areas in Bangladesh
From nature-dominated to human-dominated environmental changes by Messerli, B., et
al
Bangladesh is one of the unlucky countries regularly stricken by floods. They are caused
by the geology and hydrology of the country itself: Bangladesh is a low lying country, crossed
by three major rivers that converge into the largest delta in the world: the Bay of Bengal.
When the monsoon season comes and the snow from the Himalaya melts, the rivers run
high putting up to 70% of the country under water, as in the flood of 1998. During this
catastrophe, millions of people became homeless, severe shortages of drinking water were
reported and diseases spread quickly thanks to the stagnant water. Whole villages were buried
in sand and many roads and bridges were totally destroyed.
This phenomenon was not an isolated case. Centennial floods have occurred more than
their history would predict during the last fifty years. The reasons are complex, but major actors
have been identified. Firstly, deforestation in Nepal increases the turbidity of the water because
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of the erosion and the sediments reduce the depths of the rivers. Secondly, the presence of
cyclones in the area is responsible for perturbing the water currents and for destroying some
infrastructures as well. Thirdly, the rise of the level of the ocean, linked to the global warming:
makes the low-level coast line more vulnerable than in the past.
Floods are regular occurrences for Bangladesh as they are for other densely populated
regions of in the world. More floods will take place in the future and the use of bamboo
footbridges as emergency infrastructures can be a way to remedy the problem of how to rescue
those growing populations.
Bamboo bridges are also likely to be precious when there is a shortage of other row
materials, or when the impact of the construction on the environment is taken into account.
'An earthquake close to "Nevado del Huila" [Colombia] in June 94 after months of heavy
rain caused a mud wave of about 20 m of height. [..] 2000 people were killed by the avalanche,
120.000 lost their homes and income. In a very short time houses, streets and many bridges
had to be built. Soon after the first rellef actions an organisation of the government (called
'NASA Y KIWE" = "our land" by the indios) began with the reconstruction of the territory. In less
than half a year all natural materials were used up due to the reconstruction measures in the
area of Paez up to Tierradentro. Fortunately programs for reforestation were initiated and [..]
the director of the NASA KIWE, the environmental expert Gustavo Wlches and his engineer
Victor Jose Gomez [..] chose the project of Jdrg Stamm, who had planned a roofed bamboo
bridge.
Construction with Bamboo -Projects Jorg Stamm
Figure 3-2 - The bamboo bridge of Coquiyo was designed for 2t trucks
bambus.rwth-aachen.de
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Ideally, nothing except bamboo poles would be needed to build the bridge. In practice,
one would want to have an engineer to supervise the construction, few tools and some steel
bolts and knots for the connections to build the bridge. Of course, more traditional connections
could also be used, and would even be more appropriate in regions where this bridge is
supposed to be built. However, the goal is to build the structure with unskilled workers. The
friction-tight rope traditional method of connecting bamboo requires a certain experience
whereas the drilling and bolting way of connecting the bamboos is easier.
The design presented in the next pages is an example of a bamboo footbridge spanning
fifty meters (160 feet). The bridge is a suspension bridge because it is the kind of bridge that
spans the longest distance and because their members mostly work in tension. It is done with
full bamboo canes to minimize the time to gather all the materials. The raw material is the final
product used for the construction. It is in fact, to our knowledge, the first design of a suspended
bridge with cables made of full bamboo canes.
The design is done using the species Guadua, native from Columbia. This species has
already been used to realize tension bridges and is very commonly used for housing
construction. According to the American Bamboo society the most appropriate species for bridge
construction are large Guada spp., Phyllostachys spp., Dendrocalamus spp., and Gigantochloa
spp. We nevertheless make the assumption that our design is conservative enough for the local
species to meet the requirements of the ICC and to replace the Guadua from Columbia if
needed.
It is assumed that the soil is stable and strong enough to carry the two towers, their
foundations and the anchorage for the cables.
The life span of the bridge is limited. This allows us to avoid the reduction of 25% for all
stresses required by the ICC for a permanent load condition (more than 10 years).
-I- Solution structure chosen
A- Design
In an evaluation report by the International Code Council (ICC) Evaluation Service
published in 2004 one can find some guidelines for the design of bamboo structures. The report
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was done in Compliance with the 2003 International Building Code (IBC), the 2003 International
Residential Code (IRC), and the 1997 Uniform Building Code (UBC). The allowable design
stresses for bamboo poles used in the following design were taken from this report and can be
found in Table 11.
kN/cm 2  psi
MODULUS OF ELASTICITY, MOE 1617 2,3 x 106
BENDING STRENGTH, Fb 2,027 2 940
COMPRESSIVE STRENGTH, Fc 0,786 1 140
TENSILE STRENGTH, Ft 1,496 2 170
LONGITUDINAL SHEAR STRENGTH, Fv 0,141 205
Table 11 - Allowable design stresses (ICC)
Those values differ quite a lot from the values found in the literature (Chapter 1-III- ).
The gaps make the study and design of bamboo structures much more challenging. Firstly, the
values change from one species to another and even from one bamboo to another, even in the
same species. Secondly, the tests are run under varying conditions with different techniques.
Thirdly, the reports forget to mention the type of test used and if the final properties presented
correspond to the ultimate strength, the yielding strength or if the values have already been
scaled down by a factor of safety.
In Table 12, one can find some values presented as "general mechanical properties" by
the INBAR (International Network for Bamboo and Rattan). Moreover, other values were
published in 1998 by Purwito and are likely to represent the ultimate strength of bamboo. In
fact. other values can be found in literature that are two to ten times greater that the ones
given in the ICC. To be on the conservative side, we chose to use the values given by the ICC.
MODULUS OF ELASTICITY, MOE 1-3 x 10'
BENDING STRENGTH 7-10
COMPRESSIVE STRENGTH 2,5-10
TENSILE STRENGTH 10-40
Table 12 - General mechanical properties in kN/cm 2 (Purwito 98 - INBAR)
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The design of the suspended footbridge is divided into four steps: deck, hangers, cables,
and towers. Connections are being designed for each of the four steps, thus validating the
feasibility of the design.
The design of the deck is the first step. Its dimensions will shape the whole bridge. The
deck is divided into elementary pieces. Each on of them is directly supported by hangers and
could be seen as a simple slab supported on two beams. The size of the slab is key parameter.
If the longitudinal span is too long, the beams will be too deep and the effect of winds will be
critical. If too short, there will be too many hangers and the same problem will occur. The
transversal span defines the loading and the serviceability of the bridge. We assumed that this
dimension could not be smaller than two and a half meters, allowing two people to cross the
bridge at the same time easily.
The live loads taken for the design is 450 kg/M 2 (90 pound/foot 2). The weight of the steel
connectors was not taken into consideration for the dead loads and a density of 650 kg/m 3 (40
pound/foot3) was used for the bamboo. The point loads recommended for a footbridge depends
of the width of the deck: for a footbridge larger than 2,1 meters, bicycles and livestock are
allowed to cross and the point load is 600 kg. This value is not critical for the bending moment
and it is the distributed live loads that govern the design.
The deck is composed of half bamboos spanning the two and a half meters width of the
bridge. For the lateral beams, on each side of the deck, many arrangements of poles have been
compared (Table 13). The optimal organization is the vertical stacking. The inertia is optimized
because the mass is as far as it can be from the neutral axis. The load case for the deck is a
continuous loading, using the LRFD method: P = 1,2 DL + 1,6 LL. This method is more
conservative than the design by the Eurocode which recommends P = 1,35 DL + 1,5 LL.
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Table 13 - Inertia of bamboo beams
To compute the main stresses in the beams, one checks if Equation 1 is verified, with
PL2
Mmax the maximum bending moment ( here).
8
o- =--*L< F
I b
V
Equation 1 - Bending Stress
Using an Excel spreadsheet, we found an optimized span of 4,2 meters (14 feet) for main
beams composed of four stacked bamboo poles with a diameter of ten centimeters and a
thickness of 1,4 centimeters (respectively 4 and 1/2 inches).
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The second step is designing the hangers and their connectors. For the hangers, the main
issue in the design is the connectors since bamboo is so strong in tension. To simplify the
connections between the deck and the hangers on one side and the hangers and the main cable
on the other side, we chose to double the number of poles.
Each hanger, composed of two bamboo poles, carries a quarter of the load of each
elementary deck portion. The size of the members is governed by Equation 2.
F
a, = -<a xf,A
Equation 2 - Tension Stress
Each hanger is composed of two bamboo canes six centimeters in diameters and 0,5
centimeters thick (respectively 2 1/3 and 1/5 inches). The connections at the bottom are made
with three bolts: one for each bamboo constituting the main beam except the top one that is
directly connected to the deck (Figure 3-3). The vertical force carried by each hanger is of the
order of 20 kN. Using the values for the bamboo connections from Table 10 with a factor of
safety of 0,5 we compute that 3 bolts with a diameter of 1,27 cm are enough to take the load.
This connection design should not be considered as a final design: the values presented in Table
10 are indeed not design values and there is no code for bamboo connections. The purpose of
this connection proposal is to validate the feasibility of the overall design.
-
Figure 3-3 - Detail of the deck
- 64 -
The design of the main cables is the most important part of the design. The process aims
to optimize the height of the towers and the amount of tension taken by the cable. The
horizontal component of the tension is indeed directly related to the height of the towers.
6
3
> 4
70
h a1
P
T
P
Figure 3-4 - Loading on element of main cable
In Figure 3-4 one can see the loading applied on a portion AiB of the cable. This
elementary portion of the cable matches up exactly the elementary portion of the deck. We
therefore have li = longitudinal span of the deck = 4,2 m.
Solving for the equilibrium of moments in Ai we compute a, the angle between the cable
and the vertical (Equation 3).
Th xh -Phi xl-P, x -=0
2
tan(a,)= Th
Phi+ 2
With Ph, =Ph ix(Ph PP
when the lowest portion of the cable (at mid-span) is numbered 0.
Equation 3 - Inclination of main cable
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If the horizontal component of the tension is constant through the cable the vertical
component increases as one get closer to the towers. Using Excel, we model the whole cable,
element after element and compute the maximum stress at the top. Then, by adjusting the
height of the tower we obtain a final value. The higher the tower the smaller the stresses are,
but this relationship is non linear (Figure 3-5). The horizontal tension (shown on the vertical
axis) goes to zero when the height goes to infinity. For our case the optimum value is around
the point 10. We assumed that building the towers represented not so many difficulties and took
a value of 12 meters (40 feet) for the towers.
4. 5
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Figure 3-5 - Absolute Horizontal Tension in Main Cable versus Tower's height in meters
Using an Excel spreadsheet, one can compute the shape of the cable by iteration of the
dead weight (Figure 3-6). But the iteration process is not even necessary: the own weights of
the hangers and of the main cable (which vary with the height of the tower) are negligible
compared to the overall loading. With twelve meters high towers, the maximum tension in the
main cables is 410 kN. The horizontal force is about 300 kN at mid-span.
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Figure 3-6 - Profile of the main cable
To compute the number and the size of poles needed to take the loads, one must look
carefully at the design of the cable connectors (Table 10). The type of connectors chosen is
critical because the cable need to be continuous: the connection needs to transfer fully the
stresses to the next pole. From the table we see that the ultimate load that a regular bolt
connection can transfer is about 60 kN. Using a factor of safety of 0,5 we limit the tension in
each pole to about 30 kN.
Finally, near the tower, the stresses are carried by twelve bamboo poles (3x4) that are 9
centimeters in diameter and 1,2 centimeters thick. At mid span, nine bamboo poles of the same
size are sufficient. The connectors are composed of a 12.7 millimeters diameters bolt and a 6.35
millimeters rebar helically fitted. On each side, the internodes are filled with some concrete to
improve the efficiency of the load transfer.
On each bank of the river, the horizontal forces in the cables must be transferred to
anchors. To avoid bending moment in the towers, we add another set of cables connecting from
the top of the towers to the anchors. Those cables must have the same angle with the vertical
as the original cables on the other side (Figure 3-7). This way, horizontal components of the
cables on each side can cancel each other whereas the vertical components are added. The
sectional dimensions of the new cables are identical to the original ones since they carry the
same loads. Moreover, the length of these cables is related to the height of the tower and the
angle with the tower; they will therefore be 20 meters long from the top of the tower to an
anchor, 16 meters away.
The tower is modeled as a structure in pure compression. The vertical load at the top is of
the order of one mega Newton (100 tones).
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TT
Figure 3-7 - Forces on the tower
The tower is a square in plan with columns at each corner. The design of compression
elements is based on the Euler equation (Equation 4). Inertia and buckling length are the
parameters to adjust for a given loading.
F =
2 xExI
e Eeff
Equation 4 - Euler Equation
The tower is first modeled as a cantilevered beam. Even though we do not design for
lateral loads, we are concerned with the stability of the structure. In fact, we want the height
over base ratio to be less than three. The inertia of the cantilevered beam is therefore not
driving the design. However, it is the inertia of each column that is critical. Each column has an
inertia of 80 cm 4 and is made of four - 10 cm in diameter and 1,2 cm thick bamboo canes.
L,, =7 ExI
Lbracing p '
Equation 5 - Bracing Length
Using Equation 5, we compute the bracing length and obtain 210 centimeters (6,8 feet).
If we want to increase the bracing length by a factor k, we need to increase the inertia of the
column by a factor k2 . The bracing is made of members that span diagonally to prevent twist
effects in the tower.
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B- Construction
We recommend the cladding of the deck to be attached to the main beams by means of
rope, using the traditional way of connecting bamboos. The second option - screws and bolts -
requires a lot of drilling in the upper bamboo pole. This could considerably reduce its capacity
and one would then need to fill the pole with grout in order to increase its bending capacity and
to strengthen the connections. The deadweight of the bridge would increase not only because
of the grout but also because of the steel. The cladding can be prepared on shore as a mast and
quickly put in place.
For the main beams, it is very important to ensure that the bamboos work together as a
single beam. There should not be any sliding between the layers. The connectors have to be
made of steel to resist the shear forces. There is no other option than drilling in order to use
screws and bolts. The beams will be assembled on the shore. During the assembling of the
poles on shore, it is necessary to connect the bamboos with straps in the correct position before
drilling them together. The screw connection should be close to knots, and the screw
themselves must not be tighten too much to avoid crushing of the poles.
Figure 3-8 - Close-up view of a Main Cable, Cable Bend and Suspender.
www.inventionfactory cor
The main cables will also be assembled on shore in one piece. The cables are 93 meters
long (305 feet) and weights about 2100 kg each (4600 pounds). The connectors with the
hangers will look like the one made out of steel (Figure 3-8). Cables are the most important
parts of the bridge and therefore great care must be taken when handling them. If kinks or
splicing occur, the overall capacity of the cable will be diminished.
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Figure 3-9 - Connection between the main cables and the hangers
During the preparation of the assembling of the different elements of the bridge, the
construction of the foundations, towers and anchors can be conducted in parallel. For a
suspended footbridge with a span less than 75 meters, the minimum values for the depth of the
embedment in rock are 1 meter for the tower and for the anchorage. If the embedment is in
soil, this minimum value is to be increased by a factor of at least three to four depending of the
type of soil.
Abutment Span
Deck Level
Slope
ne/
Angle AO
Figure 3-10 - Site restriction for foundations
L T Transport Ltd. Footbridges, A Manual for Construction at Community and District Level
Before everything, it is important to choose correctly the location of the bridge itself. The
motivation of this choice is not only the proximity or the practicality. The location is driven by
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the necessary stability of the banks. The abutments should lie outside a slope line of Angle A
that will depend on soil conditions. For stable rock this angle can go up to 600, whereas the limit
is respectively 450 and 350 for a firm soil and a loose soft soil (Figure 3-10).
Once the towers are finished, the cable should be pulled through the river. The density of
bamboo is less than the density of water and the canes are naturally filled with air which makes
the cable float easily and reduces the energy needed for the operation. The cable is simply
pulled through the river using ropes attached to its end. Considering the weight of the cable of
about 25 kg per meter forty manual workers could conduct this operation (about one every two
meters).
Once the cable has been connected to the top of the towers, the construction of the deck
can start simultaneously on each side of the river. Each pair of hangers is connected to its beam
on shore and the system formed can then be put in place. It is carried to the top of the tower
and is then slid down along the main cable to its final location where it is screwed. The process
is repeated on each side. The deck comes after to complete the construction of one element.
Once an element is done, one can start to build of the next one.
Decking 520 kg
Beams 1074 kg
Hangers 234 kg
Main Cables 4260 kg
TOTAL 6088 kg
Table 14 - Weight of the bamboo bridge
All elements are light and the overall weight of the bridge is only of the order of 6 tons
without connectors (Table 14). A beam composed of the four staked bamboos only weights 41
kg without connections (90 pounds). This lightness makes the bridge easy to build by hand.
Only the main cable will really need extra attention, with a weight of 22 kg per meter (15
pounds per foot).
Two connections are critical in the design of a bamboo suspended bridge: the connection
of the main cables to the tower where huge stresses must be transferred without crushing the
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bamboo poles; and the connection of these cables to the anchorage where the tension must be
transferred directly to the foundation.
In the first one the horizontal forces must be transferred from one side of the tower to
the other and the vertical forces must be transferred to the ground. The vertical forces are
huge: each tower is subjected to a compression force of 100t (1 MN).The culms must be
reinforced to prevent them from crushing under compression. The knots are to be filled with
mortar to improve their resistance. Holes with a minimum diameter of 1 cm must be drilled in
order to poor the mortar correctly.
Inexpensive connections are the weak part of a bamboo design. They carry very little load
and the anchorage of the cable is therefore a problem since the stresses are maximum at this
location. The cable must be fanned and the number of cane must be increased to reduce the
stress per connection (Figure 3-11).
Figure 3-11 - The cables fan near the tower
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-III- Economic feasibility study
An environmental, economic, and practical assessment of bamboo as a building material
for supporting structures was done by Van der Lugt, Van den Dobbelsteen and Janssen in 2006.
The research focused on a bridge located in the Amsterdam Woods in Western Europe. Our
design is meant to be built in developing countries, and the economic contexts might be too
different to be compared. Nevertheless, three conclusions from the paper can be transposed to
our case.
The conclusions come directly from the interpretation of the three following graphics
(Figure 3-12, Figure 3-13, and Figure 3-14).
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Figure 3-12 - Purchasing costs (in C) of the various elements and materials of a bridge.
Figure 3-12 shows that it is financially viable to build a structure with bamboo.
Furthermore, since this study is done is Western Europe, it is most likely that the differences in
cost will increase to the advantage of bamboo in the southern countries. The cost of bamboo in
the Netherlands is indeed driven by the cost of the transportation from South America. If the
bridge is located in a developing country where bamboo is commonly cultivated, the cost of
structural bamboo will be lower. On the other hand, the cost of steel may increase due to the
lack of infrastructure from which these countries usually suffer. Considering purchasing costs,
bamboo will be the least expensive alternative for our design.
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Figure 3-13 - Annual costs (in C) of the various elements and materials of a bridge.
Figure 3-13 presents the annual maintenance cost of various elements of a bridge located
in Western Europe. The results are very different from the previous ones. Bamboo is now
among the more expensive solutions. The maintenance costs are much higher than those of
steel because the life span of bamboo is much shorter. The labor costs also present an issue
since assembling bamboos is more complicated than assembling steel, due the material irregular
dimension and properties. On one hand, the labor costs are far lower in developing countries,
but on the other, the humid climate would probably require higher maintenance than in say,
most parts of Western Europe. Based on annual costs, bamboo is probably not the most
economic alternative, but this issue is not a problem since our goal is to design a temporary
structure. To some extend it even shows that bamboo is very appropriate for temporary
structures which are not made to last and be maintained.
Moving loads from pedestrian and wind effects create fatigue in the connections. In the
long run they will loose their effectiveness and compromise the integrity of the whole structure.
Each joint must be examined on a regular basis and the rotten bamboos must be replaced. The
vulnerability of the bamboo connections increases the operational costs of the footbridge.
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Figure 3-14 - Index of the annual environmental costs for different elements of a
bridge. (lowest value= 100)
This last figure compares the annual environmental costs between different materials. It is
evidence that bamboo is the most competitive material in this respect. The difference with steel
can be as high as a factor of three hundred in the case of a column. Using an LCA analysis, this
study proves that bamboo is the most environmentally friendly material.
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Conclusion
Bamboo is an amazing material that will soon command a newfound appreciation in the
construction landscape.
While we have a sense of its potential, we do not fully understand its properties. The
uniqueness of each bamboo culm presents difficulty in its classification, quantification, and
usage. Bamboo has been used throughout the centuries, and will still be used in areas with
experience and good practice in bamboo engineering. But if bamboo is to be used in developed
countries, more reliable information is needed. Only since its establishment in 1997, that the
International Network for Bamboo and Rattan (INBAR) has been filling the gap in knowledge
and building codes for bamboo. In 2004 INBAR published several international building codes
for bamboo which were published in 2004 (ISO 22156:2004 (E), ISO 22157-1:2004(E))
Chapter 2 assessed the main problem of bamboo as a construction material. We examined
modern examples of connections, which shed light on the absence of an optimum solution to
transfer loads from one bamboo cane to another. Traditional methods, namely the "friction-tight
rope" method, appear to remain as the best solutions. The innovative connectors proposed by
the industry are overly sophisticated and expensive, and only apply to space frames only. The
industry calls for new and improved ways to connect bamboo. Further researches and
experiments should be done to find a truly innovative way of connecting bamboos. This step is
essential if bamboo is to develop a structural material.
The design of the bridge presented in Chapter 3 shows the feasibility of the project. It
also concedes boundaries: beyond a 50-meters span, the section of the main cables become
critical and the construction of the connections hazardous. If steel is used instead of bamboo
poles for the cable, less than 20 cm 2 are necessary to hold the bridge: that is to say cables with
a diameter less than 6 centimeters (2 3/1 inches). The use of steel would also simplify
considerably the connections. On the other hand, it would increase the price, the embodied
energy, and the necessary resources of the project. Specially qualified workers would also be
needed to assemble the steel connections. The bridge would certainly be more efficient, but it
would require transportations of crews, material, and engines.
Although the design was prepared in a very conservative manner, lateral forces were not
taken into account. The dimensions of the different members must be revised. The deck should
bear a bracing system to increase its lateral rigidity. A second order analysis, assessing the
problems of elongation could also be performed so as to predict the behavior of the structure
under its own weight. The dynamic effect of wind loads, earthquakes, or pedestrian was also
disregarded. The overall structure weights very little and is therefore easily excitable. A dynamic
analysis would be necessary to assess the feasibility of the project.
Finally, little was known about the design of bamboo connection. The amount of stress
encountered by the main cable creates some load-transfer problems from one bamboo cane to
another bamboo cane or to the anchors.
Despite all the remaining uncertainties, we are confident that the construction of a
suspended footbridge using full bamboo canes as cables is not only possible, but also useful
when the need for a temporary bridge arises.
Bamboo may also help with the issue of deforestation. Brazil is the country with the
greatest diversity of bamboos in Latin America with 137 species. According to the National
Institute of Space Research (INPE), since 1978 18 000 km 2 (7 000 miles 2 ) of rainforest are
being destroyed each year for the wood industry or for agriculture purposes. The culture of
bamboo offers great economical advantage: there is a three to five year period return on
investment for a new bamboo plantation, versus ten to fifteen years for timber. We have no
concern that bamboo will be grown and planted. But other species that are not so useful should
not be disregarded. Some species may disappear without us even noticing.
Bamboo is one of those wonderful gifts from nature to mankind that explain by
themselves why we should protect nature.
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Appendix
Dictionary of the uses of Bamboo
kauai.net/bambooweb/bambooa2z.html
J.
A-Frame houses, Activated charcoal, acupuncture needles, Airplane wing members and
stress skin for fuselage, alarms, alcohol, anchors, antenna supports, aphrodisiac, arbors, arrows
and arrow tips, ashtrays, awnings
F
Baby carriages, bagpipes, barrels, baskets, beads, beanpoles, beds, beehives, beer,
bicycles, bilge pumps, blinds, blowguns and darts, boards, boat hoods, boats, bolts, bookcases,
books, booms, bottles, bowls, bows (archery) , boxes, bracelets, bridges, brooms, brushes,
brush pots, buckets, buttons
Cables, cages, candlesticks, canes, canteens, carts, castanets catalyst (tabasheer),
caulking, chairs, charcoal, chisels, chopsticks, churches, cigarette holders, clothes, clothes racks,
clubs, colanders, combs, cooking vessels, chicken coops, couches, cow bells, cradles, crates,
cribs, crosses, crutches, cultures for bacteria, cups, curtains
Dams, defensive fortifications, deodorizers, desks, diesel fuel, dikes, dirigible, dolls,
domes, dowel pins, dredge (fishing), drouges, dustpans
Eggcups
F
Fans, Farming uses, fences, fenders, fertilizer, fiesta assistant, fifes, firearms, fire starters,
firewood, fireworks, fishnets, fish poles, flagpoles, flails, floats, flooring, flowerpots, flutes, flying
art, food, forage, forms, frames, fruit pickers, fuel, furniture
Gabions, games, garments, gates, grain, grain storage, graters, greenhouses, guns,
gutters, gypsy vans
Hairpins, hampers, handles, hats, hawsers, hay and forage, hedges, helmets, hen houses,
hinges, hoops, hookahs, house plants, houses, humidors, hummers
Iceless coolers, incense sticks, insect cages, irrigation waterwheels and pipes
Jackets, jars, jewelry, joss sticks, junks
Kiosk, kites
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Laquerware, ladders, ladles, lamps, lampshades, landing docks, landscaping, lanterns,
lathing, laundry poles, levees, light bulb filament, lofts, looms
Marimbas, markers, masts, mattangs, matting, mattresses, medicines, mills, mobiles,
mushroom culture, musical instruments, mahjong tiles
rr
Nails, napkin rings, net floats, nets, needles, netsuke
Organs, ornaments, outriggers, ox cart beds, ox goads, oyster cultivation
F
Packaging, paper cutters, paper pulp, pegs, pen and pencil holders, pens, pillows, pins,
pipes, plant stake, plates, plybamboo, poison, poles, polo balls, polo mallets, posts, printing
pads, propellers, props, punishments
Racks, rafts, raincoats, Rain spouts, rakes, rattles, rayon, record needles, reeds,
reinforcement for concrete and adobe, rings, ritual objects, roofing, ropes, rug poles, rulers
Sailcovers, sails, sailstays, sake, salt well drilling, sandals, scaffolding, scales, scarecrows,
scoops, scratchers, screens, scrubbers, sedan chairs, shades, shakuhachis, shavings, sheaths,
shields, shingles, ship design, shoehorns, shoe soles, shoots for food, shovels, shuttles for
weaving, sieves, silk industry, skewers for cooking, ski poles, slide rules, sluices, snow fences,
spears, splints, spouts, spray guns, springs, stakes, staves, sticks, stilts, stools, string, sugar,
sunning floors, swimming pools
Tabasheer, tables, tallies, tea houses, tea strainers, tea whisks, tents, temporary
structures, tiles, tortures, towers, toys, trailers, transport, traps
FJ
Umbrellas
Valiha (musical instrument)
Wagons, walking sticks, walls, war, water jugs, water pistols, water storage, waterwheels,
waxes, weapons, weaving shuttles and looms, weirs, well sweeps, wheelbarrow, whetstones,
whips, whistles, wicks, windbreaks, windmills, wine storage, winnowing machines, writing
brushes and pens
Xylophones
Yurts
Zithers
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Calculations
Density
Live Loads
Total live loads
Dead Loads
Total dead loads
Inertia bamboo
Radius
Length
Width
Thickness
Section
Mass per meter
MAIN BEAMS
650
450
562,5
122,6332002
14,5991905
358,95712
5
4,2
2,5
1,4
37,82477555
2,458610411
Nb bamboos for deck
Full or half bamboos
Nb bamboos in each beam
V
Total inertia
Maximum bending moment
Allowable stress
Diplacement
70
2
4
20 cm
20348,21625 cmA
19846,89998 N*m
1,950726269 kN/c
0,697138471 cm
I if full, 2 if half
4 stacked
m 2
Density
Live Loads
Total live loads
Dead Loads
Total dead loads
Inertia bamboo
Radius
Length
Width
Thickness
Section
Mass per meter
Nb bamboos in each be;
V
Total inertia
Maximum bending mom,
Allowable stress
DisOlacement
DECK CLADDING
650
450
27
0,571769863
0,228707945
kg/mA3
kg/M2
kg/m
kg
kg/m
179,47856 cm^4
3 cm
4,2 m
2,5 m
0,4 cm
7,037167544 cm2
0,45741589 kg/m
1
2,5 cm
179,47856
333,1908984 N*m
0,464109611 kN/cm2
0,468136237 cm
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500...800kg/mA3
kg/m2
kg/m
kg
kg/m
cm^4
cm
m
m
cm
cm2
kg/m
500.-800
side to side
HANGERS
MAIN CABLE
Force
Number of poles
406 000,00
12
Inertia bamboo
Radius
Length
Width
Thickness
Section
Mass per meter per pole
Mass per meter
Allowable stress
228,92032 cMA4
4,5 cm
5 m
3 m
1,2 cm
29,405307 cm 2
1,911345 kg/m
22,93614 kg/m
1,1505859 kN/cm 2 1,122246394
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297 000,00
9
I I
Vertical Load =
Horiz. Length =
Height
000)~
293999,9
40000
4,2
12
Node # V Alpha X Y Max. Tension
0 280000 0,761013 0 13 405999,94
1 240000 0,684617 4,2 9,571428 379520,69
2 200000 0,597363 8,4 6,714284 355 578,33
3 160000 0,498393 12,6 4.428569 334717,72
4 120000 0,387524 16,8 2,714283 317546,77
5 80000 0,265676 21 1,571425 304 689,93
6 40000 0,135224 25,2 0,999997 296708,53
7 29,4 0,999997 296708,53
8 33,6 1,571425 304 689,93
9 37,8 2.714283 317 546,77
10 42 4,428569 334 717,72
11 46,2 6,714284 355 578,33
12 50,4 9,571428 379520,69
13 54,6 13 405999,94
Ci
5,421726
5,079692
4,781683
4,536384
4,352714
4,238694
61,02179
15,91837
92,85852
total
anchors
TOTAL
701
/0
